The 32 telomeres in the budding yeast genome cluster in 3-7 perinuclear foci. Although individual telomeres and telomeric foci are in constant motion, preferential juxtaposition of some telomeres has been scored. To examine the principles that guide such long-range interactions, we differentially tagged pairs of chromosome ends and developed an automated three-dimensional measuring tool that determines distances between two telomeres. In yeast all chromosomal ends terminate in TG 1-3 and middle repetitive elements, yet subgroups of telomeres also share extensive homology in subtelomeric coding domains. We find that up to 21kb of >90% sequence identity does not promote telomere pairing in interphase cells. To test whether unique sequence elements, arm length or chromosome territories influence juxtaposition, we reciprocally swapped terminal domains or entire chromosomal arms from one chromosome to another. We find that the distal 10 kb of Tel6R promotes interaction with Tel6L, yet only when the two telomeres are present on the same chromosome. By manipulating the length and sequence composition of the right arm of Chr 5, we find that contact between telomeres on opposite chromatid arms of equal length is favored.
Introduction
Long-range interactions between chromosomal loci and their regulatory elements guide genomic function. It is well established that in higher eukaryotes contact between enhancers and promoters occurs over distances of 100 kb, to regulate higher eukaryotic gene expression. Boundary elements, which restrict enhancer directionality, interact over similar distances (reviewed in Burgess-Beusse et al. 2002) , as do insulator elements such as the Drosophila Fab7 or gypsy element, which protect genes from encroaching heterochromatin (reviewed in Celniker and Drewell 2007) . A further example of preferred interaction in trans is that of coordinately expressed tissuespecific genes which can coordinately occupy the same transcription factory in differentiating hematopoietic cells (Osborne et al. 2004) . Finally, the repression of mouse T-and B-cell specific genes was shown to correlate with their juxtaposition to centromeric heterochromatin in appropriate cell types (reviewed in Fisher and Merkenschlager 2002) . In mammals the differentiation-specific repression that is mediated by juxtaposition to heterochromatin requires that centromeres cluster in so-called "chromo-centers", which form a sink for heterochromatin factors.
Functionally analogous to this is the clustering of silent telomeres in budding yeast (reviewed in Gasser et al. 2004; Scherf et al. 2001 ).
In budding yeast, telomeric repeats and factors that bind them nucleate SIR-mediated silencing, a chromatin-based repression mechanism that propagates inwards from chromosomal ends for 3 to 5 kb. Like centromeric heterochromatin, the transcriptionally silent budding yeast telomeres cluster in 3 to 7 distinct foci Palladino et al. 1993) . These foci associate with the nuclear envelope (NE) and sequester the Silent information regulatory proteins, Sir2, Sir3 and Sir4, from potential binding sites in non-subtelomeric regions (Hediger et al. 2002; Maillet et al. 1996) . Such clusters promote the repression of silencer-flanked genes brought into their vicinity by membranespanning anchors (Andrulis et al. 1998 ).
While telomeric foci have been studied for years, it remained unclear how reproducible the number and nature of telomeres in such foci might be. The question is of interest, because such clustering 4 events have functional repercussions not only for the expression of subtelomeric genes. Telomere tethering and clustering have been proposed to influence the rate of recombinational repair (Fabre et al. 2005; Louis et al. 1994) and to coordinate transcriptional programs that ensure evolutionary advantage (Fabre et al. 2005; Halme et al. 2004; Turakainen et al. 1993) . Moreover, in Plasmodium and Trypanosoma subtelomeric repeat-mediated clustering of telomeres seems to regulate the pattern of expression of the repetitive VSG genes. This allows the parasite to escape the host immune response and thus provides major evolutionary advantage (reviewed in Scherf et al. 2001) . Given the importance of such long-range interactions, we have exploited the suitability of yeast for live imaging and its powerful reverse genetics, to examine the principles that regulate the clustering of its telomeres. Finally, we have manipulated chromosome architecture in order to identify elements that drive long-range interactions in interphase cells.
Both the anchorage of telomeres at the nuclear periphery and their interaction with other telomeres in trans contribute to focus formation. Two partially redundant pathways function in budding yeast to anchor telomeres at the nuclear envelope (NE) (Hediger et al. 2002; Taddei et al. 2004b) . One is dependent on the silent information regulator Sir4 and its ligand Esc1, a peripheral inner membrane protein, and the second requires the end-binding factor yKu. The deletion of sir4 did not significantly affect telomere interaction in trans, whereas deletion of yku80 compromised both interaction and anchorage (Laroche et al. 1998; Gehlen et al. 2006) . Mutations in a subset of nuclear pore proteins (Therizols et al. 2006 ) and the cohesion loading factors, Ctf18 and Ctf8 (Hiraga et al. 2006) have also been shown to affect telomere anchoring. In the latter mutants telomere clustering was also impaired, although it was unclear whether the effects were direct or indirect.
Confirming the idea that there may be reproducible patterns of telomere interactions in yeast, it was shown that Tel3R and Tel3L, and Tel6R and Tel6L tend to be juxtaposed in the W303 haploid background (Bystricky et al. 2005) . The interaction between right and left telomeres of a single chromosome creates a chromosome loop, a structure that was initially proposed for Chr3 based on an intramolecular religation assay (Dekker et al. 2002) . While the idea that chromosomes loop back upon themselves is attractive, it is clear that not all linked chromosome ends interact to a significant extent. In the same study it was shown that the right and left ends of Chr5 are not juxtaposed, nor are those of Chr14 (Bystricky et al. 2005 ). Because all telomeres tested have conserved terminal TG 1-3 sequences and subtelomeric X and/or Y' elements (Chan and Tye 1983;  Louis and Haber 1992), we can rule out that these semirepetitive elements are sufficient to promote selective interaction. On a sequence-level this leaves only the homology between subtelomeric genes, short unique sequences, or else peculiarities of chromosome architecture as elements that control telomere-telomere pairing.
To test systematically whether telomere-specific sequences influence juxtaposition in trans, we have developed a chromosome "swap" technique as well as novel automated distance-measuring software. The swap method allows us to exchange endogenous sequences between different chromosomes, altering the length of chromosome arms, without introducing foreign sequence elements. We scored the distance between a large number of tagged telomere pairs by measuring their separation in 3D space in living cells. We conclude from our results that the architecture of the chromosome itself, i.e. the position of the centromere and relative lengths of its chromosome arms, is a major determinant of long-range telomere-telomere interaction. This presumably reflects the relative positioning of telomeres in Rabl orientation in anaphase and telophase cells.
Results

Dynamic organization of telomeric clusters
Yeast telomeres cluster in a variable number of foci that interact with the nuclear envelope. The clusters dissociate partially in metaphase (Laroche et al. 2000; Smith et al. 2003) , and reform in early G1. Moreover, they are in constant random motion, within a confined and largely perinuclear domain (Hediger et al. 2002; Heun et al. 2001) . Given this, it was unclear whether telomeric foci would reflect a reproducible subset of chromosomal ends or if the telomeres within a focus would vary continuously. In an attempt to analyze the stability of telomeric foci, we monitored their 6 dynamics using a fully functional fusion between GFP and the telomere binding factor Rap1 on a Nipkov spinning disc confocal microscope. Rap1-GFP is expressed at the endogenous gene locus and yields a pattern of labeling identical to the well-characterized Rap1 immunostaining Fig. 1A) . This allowed us to resolve all telomeric foci in a given cell and track their movement over 90 min using the Imaris software (Bitplane!; Fig. 1A , Supplemental movie 1). Figure 1A shows a few frames from a typical deconvolved movie that tracks the telomere behavior for about 6 min. We initially distinguish five separate foci, of which the two at the left (here labeled in green and yellow) fuse by 40" and then separate again by 1 min 40". The same is true for the two foci at the right of the image, shown in red and blue (Fig. 1A) . A large number of cells were examined and in all cases the fusion and fission of telomeric foci occurred on a time-scale of minutes. We conclude that this is a general feature of yeast nuclear organization (see Supplemental movie 1).
Fusion and fission is not restricted to non-silenced populations of telomeres. Indeed, a similar behavior was observed in time-lapse movies of Sir3-GFP, which is a marker for telomereassociated silent chromatin (Fig. 1B) . In a kymograph of 3D stacks taken at 30 s intervals over 30 min one sees that Sir3-GFP tagged telomeric foci repeatedly fuse or branch from each other (Fig.   1C ). The full rotation of this kymograph (Supplemental movie 2) rules out that the apparent fusion and fission of foci is due to spatial projection. This behavior argues that telomeres may redistribute among foci; nonetheless we can track distinct clusters for 5 to 10 min that have little or no visible telomere exchange.
To better estimate the amount of time a single telomere remains associated with a given telomeric cluster, we combined a general label for telomeres (Rap1 fused to YFP) with the integration of lacO repeats at Tel14L, in a cell expressing lacI-CFP. The co-localization of Tel14L with a large telomeric cluster could be scored by time-lapse 3D microscopy, since Rap1-YFP is known to label all telomeres thanks to its affinity for the TG repeat (Figure 2 and Supplemental movie 3). As shown in Figure 2B , the association of Tel14L with a Rap1-staining focus persisted for up to 5 min (from roughly 3 min to 8 min, Figure 2B ). Association was not continuous, however, and at times Tel14L could be seen to move into and out of foci (Supplemental movie 4). A quantitative 3D analysis of 220 frames (five time-lapse series totaling 110 min from 5 different cells) showed that Tel14L is either within or adjacent to a telomeric focus 70% of the time. The average residence time is on the order of minutes, not seconds, which is sufficient to allow preferential interactions between telomeres to be scored. To analyze specific telomere-telomere interactions, we next differentially tagged specific pairs of telomeres with lacO and tetO repeats, in order to monitor the distribution of distances separating them over a population of cells. The choice of telomeres was made based on the sequence homology as described below.
Yeast telomeres fall into sub-groups based on subtelomeric homology
The pair wise analysis of subtelomeric sequences from the S. cerevisiae S288c background shows regions of >90% identity scored over 1kb intervals, extending up to 21 kb (see Supplemental Fig. 3). If chromosomes are grouped on the basis of this subtelomeric homology, we find that all but three telomeres can be partitioned into 7 groups of two or more telomeres, based on sequence alone. Only Tel5R, Tel6R and Tel16R have no extensive homology with any other telomere, apart from the ubiquitous TG1-3 repeats and telomere-associated sequences (TAS), which include the Y', STR and X elements (see Supplemental Figure 3 ).
Various studies have shown that the conserved subtelomeric regions are not repetitive, but contain highly homologous gene families that are often implicated in alternative carbon source metabolism.
Falling into this category are the PAU, COS and HXT families, which encode seriPAUperin, integral membrane proteins, or hexose transporters, respectively (Ozcan and Johnston 1999; Poirey et al. 2002; Viswanathan et al. 1994) . Because the number of sequence-derived telomere groups roughly matches the number of telomeric foci detected by microscopy, we tested whether the homology of subtelomeric gene families drives telomere juxtaposition. Appropriate pairs of yeast telomeres were differentially labeled with lacO or tetO arrays, that can be inserted without deleting endogenous sequences. These were visualized by co-expression of YFP-or CFP-tagged lacI and tetR proteins (Bystricky et al. 2004; Michaelis et al. 1997; Robinett et al. 1996) .
Homology between subtelomeric sequences does not determine clustering
Using 3D imaging of live yeast cells bearing differentially-tagged telomere pairs we acquired 21-plane through-focal stacks of haploid cells on media-containing agar (Fig. 3A) . Cell cycle stages were classified based on cell morphology, and distances between the two telomere spots in G1-or S-phase cells were measured in 3D using an automated SpotDistance plug-in for ImageJ software (see Materials and Methods; Supplemental Figs. 1-2). Between 150 and 300 distance measurements were analyzed for each telomere pair using R (www.r-project.org; see box plot; Fig.   3A ). Because of the constant motion inherent to yeast DNA (Heun et al., 2001 ), we obtained a distance distribution for each pair, which is presented as a box plot. To determine whether two distributions were significantly different, we used a Two-sample Kolmogorov-Smirnov test (Kolmogorov 1956 ).
Confirming previous measurements made for Tel6R and Tel6L in another yeast background (W303; Bystricky et al. 2005) , we found that these two telomeres were also closely juxtaposed in S288c cells, with a median 3D separation of 460 nm. In many cells the two signals completely overlapped ( Fig. 3B , bottom panel). To calibrate our distance measurements, we scored the distances between lacO and tetO arrays integrated next to each other on the same telomere using the same imaging and analysis method (Fig. 3B , top panel). The distance distribution for this physically linked pair was identical to that obtained for Tel6R and Tel6L (KS-test p=0.17), arguing that a mean center-to-center separation of 460nm reflects the subdiffusive movement of two loci that are indeed physically adjacent. This value is not unexpected given the poor resolution in Z (0.5 µm), and the fact that a telomeric focus is 300 to 400nm in diameter.
We next measured the separation between telomere pairs that share extensive sequence identity due to the presence of either PAU/VTH or COS family members. The two most homologous ends in this respect are Tel9L and Tel10L, which have >90% identity over 21kb. Here separation values peaked at 900 nm, with 50% of the values falling between 600 and 1200 nm ( together, even though they are not stably juxtaposed. This could either cause or result from the preferential recombination reported to occur between Y' elements of these homologous ends (Louis et al. 1994) . Despite this, our data argue that all these telomere pairs spend most of the time apart, allowing us to conclude that extensive subtelomeric homology does not promote telomere pairing in trans.
The Tel6R-Tel6L pair is characterized by having one telomere with a Y' element and one telomere without it, which may also contribute to their juxtaposition. However, a similar alternating pattern of Y' elements is found on the Tel9L-Tel14R pair and the Tel10L-Tel14R pair (Fig. 3 , panels 5-6), which show separations of ~1000 nm. Furthermore, we see no correlation between telomere interaction and arm length when the tagged loci are on different chromosomes ( 
A sequence element in the Tel6R favors association with Tel6L
Given that only two sets of telomere ends showed significant interaction (the collinear ends of chromosomes 6 and 3), we considered two models that could explain their preferred interaction.
One model argued that telomere juxtaposition arises from the fact that both chromosomes are short and metacentric. The second possibility invokes bridging factors that recognize a sequence element that is too short or too divergent to score in the homology scan used in Supplemental Fig.   3 . To test this latter hypothesis we deleted the most distal 10 kb of Tel6R to create Tel6R "10kb , and analyzed its separation from Tel6L in 3D (Fig. 4) . The truncation shortens the Chr6R arm from 121
to 111 kb, a reduction of <10%. The protective TG 1-3 cap remains and confers equal, if not more efficient, silencing and anchorage activity (Hediger et al. 2002) . Nonetheless, removal of the Tel6R sequence led to a highly significant increase in the separation of Tel6R "10kb from Tel 6L, shifting the median from 460 nm to 790 nm ( Fig. 4 ; p< 2.2 _10 -15 ). The simplest explanation is that the 10-kb terminal truncation removes a positive determinant that favors interaction, which could map to either the subtelomeric X element or regions flanking a nonrepetitive ORF encoded in this region.
Sequence analysis of these 10 kb revealed no highly conserved elements, and few computationally determined transcription factor binding sites (Pachkov et al. 2007 , Supplemental Figure 7 ).
Short telomeric sequences are insufficient to promote long-range interactions
We note that the median distance that separates the truncated Tel6R "10kb from Tel6L is still smaller than that separating the ends of the acrocentric Chr5 (Fig. 4, Given the importance of the distal 10kb of Tel6R, we next examined whether it was sufficient to promote a stable interaction with Tel6L in trans. We therefore measured the separation of the recipient in the telomere-swap, Tel5R 6Rsubtelo , from Tel6L. However, the presence of sequences from Tel6R on Chr5 had no effect on the relative position of Tel6R and Tel5R ( Figure 6A , panels 3 and 4; KS-test p=0.18). We conclude that the positive element at Tel6R cannot promote interaction with an unlinked telomere (i.e. Tel6L-Tel5R 6Rsubtelo ).
This failure might be due to a need for centromere-proximal sequences from Chr6R that cooperate with the distal element to promote interaction with Tel6L in trans. We could test this by analyzing the distance distribution of Tel6L-Tel6R in a diploid strain in which the two fluorescent tags were integrated either on the same chromosome (in cis) or one on each of the two Chr6 homologues (in trans, Supplemental Fig. 4 ). When the two tags were on opposite ends of distinct homologues (i.e.
in trans) we found that preferred juxtaposition was lost (median = 1065 nm, Supplemental Fig. 4 ).
In contrast, the distance distribution for the two tags placed on opposite ends of the same chromosome in a diploid was indistinguishable from that in a haploid (median = 490 nm and 460 nm, respectively). This suggests that the distal 10 kb of Tel6R is not sufficient to mediate interaction with Tel6L when the two are unlinked, and that its inability to function on Tel5R is not due to the absence of more centromere proximal sequences. We conclude therefore that the contribution of a subtelomeric Tel6R sequence to interaction with Tel6L requires a predisposition for juxtaposition conferred by collinearity.
Rabl folding and chromosome arm length influence telomere interactions
Chromosome 6 is the third smallest chromosome in yeast and is metacentric, with arm lengths of 121 kb and 148 kb. We note that 30 kb of folded chromosomal DNA covers a distance # 160-180 nm in living cells (Bystricky et al. 2004) , which is significantly less than the diameter of the We first analyzed the distance between Tel5L and a fluorescent tag inserted at ARS514, an origin of replication on the right arm of Chr5 equidistant with Tel5L from the centromere (Fig. 6D) . The box plot for the distances measured between Tel5L and ARS514 shows significantly smaller distances than those separating Tel5L and Tel5R (KS-test p=6_10 -7 ). While this is consistent with our hypothesis that the polarized anaphase organization has an effect on long-range interactions, these sites were nonetheless not as close as Tel6R-Tel6L.
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We next tested whether we could improve the interaction by inserting a telomere at ARS514 site.
This manipulation would recreate the overall chromosomal architecture of Chr6 within Chr5. To achieve this without losing essential information on the distal part of Chr5R, we swapped the entire ARS514-distal 5R arm with the terminal 10kb fragment of Tel6R and monitored the distances separating the existing centromere-proximal fluorescent tags in 3D. (Fig. 4) . In other words, by rendering Chr5 metacentric with the terminal sequences of Tel6R at one end, we obtained the same degree of juxtaposition as we detected for Tel6L-Tel6R 5Rsubtelo . This juxtaposition is closer than that of Tel6L-Tel6R "10kb and suggests that long-range interactions require that the interacting sites are collinear and roughly equidistant from the centromere (+/-30kb), even though interaction can also be aided by subtelomeric sequences.
We next examined why ARS514 itself fails to interact with Tel5L. We note that terminal TG [1] [2] [3] arrays bind Rap1 and lead to the accumulation of both Sir4 and yKu at telomeres (reviewed in (Gasser and Cockell 2001) . Given that yKu or Sir4 interact with each other, dimerize with other Sir factors, and bind NE anchors (Hediger et al. 2002; Taddei et al. 2004a) , it seemed plausible that their presence alone might be able to favor long-range interaction at sites equidistant from a given centromere. To test whether either Sir protein or yKu binding is sufficient to improve the juxtaposition of ARS514 to Tel5L without creation of a telomere, we integrated an array of lexA sites near the lacO insert at ARS514 and monitored distances separating this internal tag from Tel5L in the presence of either LexA-Ku80 or LexA-Sir4C (Fig. 6C, panel 5) . The targeted binding of neither fusion protein improved interaction with Tel5L, even though both constructs are able to mediate the stable relocation of internal sequences to the NE (Supplemental Fig. 6 ). Other evidence further rules out a correlation of efficient perinuclear attachment with telomere pairing, since that Tel6R and Tel6R 5Rsubtelo bind the NE with the same efficiency (Supplemental Fig. 6 ), yet pair with Tel6L with significantly different efficiency (Fig. 6A , cf. panel 1 and 2). These results argue that neither the efficiency of Sir factor or yKu binding, nor the NE attachment they mediate, is relevant for interactions in trans.
Our data strongly suggest that collinearity is a factor, but is not sufficient, to promote telomeretelomere interaction. We further explored this effect on the native acrocentric Chr5, by comparing the separation of its telomeres when they were either collinear or when the long arm of Chr5R was transferred to Tel6R. We found that the distances separating Tel5R from Tel5L were ~1000 nm, whether or not the two were collinear (Fig. 6D, panels 1 and 4) . This distribution was the same as that of two unlinked telomeres Tel6L and Tel5R (Fig. 6A, panel 4) . Because equilibrating the length of the two Chr5 arms significantly improved the juxtaposition of Chr5 telomeres, we conclude that metacentric structure is a necessary prerequisite for significant interaction of two collinear telomeres. Similar arm length without collinearity, however, is not sufficient, because no significant pairing could be detected between Tel6L-Tel6R when tags were placed on unlinked homologues in a diploid strain (Supplemental Figure 4) .
Discussion
The optimization of techniques for altering gross chromosomal organization and for monitoring spatial separation of loci in living cells has allowed us to examine what promotes long-range interactions between chromosomal sites in interphase nuclei. The 3D distance measuring tool is applicable both to live imaging of CFP, YFP, GFP or RFP tagged foci in living cells, as well as two color FISH or multicolor immunofluorescence labeling. Its application is highly appropriate for, but not restricted to, questions of nuclear organization. The second tool is an elegant chromosome swap technique that achieves a reciprocal exchange of chromosome arms, allowing one to reorganize eukaryotic chromosomes without a net loss of sequence. This has allowed us to examine the factors that influence telomere-telomere interaction in budding yeast in an unprecedented manner. Although an independent methodology for sequence exchange has been published (Delneri et al., 2003) , the current protocol introduces a selection event that can be readily adapted to use in other organisms. In this current study chromosome arm swapping has allowed us to show that metacentric chromosomal organization influences telomere-telomere interactions in yeast.
Short sequences, co-linearity and equal arm length drive telomere clustering
Sequence analysis suggested that the subtelomeric sequences of yeast chromosomes can be assembled into 7 subgroups reflecting the presence of subtelomeric gene families (Supplemental Figure 3 ; see also www.nottingham.ac.uk/genetics/louis). Given that this number agreed roughly with the number of telomeric foci found in interphase, we went on to test the importance of sequence conservation for telomere-telomere pairing. We found no significant effect: yeast chromosome ends bearing homologous genes, such as the co-regulated COS-or PAU-genes,
were not found in a common focus. Even Tel9L and Tel10L, which have preferential Y' exchange through recombination (Louis et al. 1994 ) and share >21kb of sequence identity, do not co-localize.
While interaction is obviously essential for homologous recombination, our data further suggest that stable juxtaposition is unlikely to be the rate-limiting factor in recombination between chromosomes in vegetatively growing yeast cells (Lee et al. 1999 ).
We confirmed past work which reported that the two telomeres of Chr6 associate to a high degree.
It had been proposed that short metacentric chromosome structure would favor telomere interaction (Bystricky et al. 2005) , a hypothesis that could be tested with our chromosome swap technique. We converted the acrocentric Chr5 into a metacentric chromosome by swapping the 5R and 6R arms. We found that this conversion led to a significantly closer juxtaposition of the ends of chromosome 5. The two ends were not as close as the two natural ends of Chr6: contact between Tel6R and Tel6L is enhanced by a 10 kb subtelomeric region on Tel6R. Importantly, however, the Tel6R sequence only promotes interaction when two telomeres are physically connected. In conclusion, our experiments argue that collinearity is a prerequisite for what we presume to be a factor-mediated interaction between two telomeres.
Rabl organization in anaphase contributes to long-range interphase interactions
How can the collinearity of the extreme ends of a chromosome and distance from the centromere facilitate the pairing of telomeres in interphase? In both open and closed mitoses, centromeres are actively and coordinately pulled towards the spindle pole body or centrosome by the mitotic spindle, while the rest of the chromosome and the telomeres follow passively (Fig. 7) . This anaphase pattern was first described in 1885 by Carl Rabl, who observed it in cells from an axolotllike amphibian (Rabl 1885) . Given a reasonably uniform compaction ratio for yeast mitotic chromatin (Lavoie et al. 2002) , it follows from the Rabl configuration that sequences on opposite arms of the same chromosome equidistant from the centromere will be spatially juxtaposed in late metaphase (Fig. 7 ). This we confirmed by measurements in living yeast cells in anaphase (Fig.   6C ). Because telomeres are released from the NE in mitosis and re-anchor in G1 (Laroche et al. 2000; Smith et al. 2003 ), it appears that the critical time for re-establishing telomere-telomere interactions is the transition from telophase to G1.
The Rabl organization of yeast chromosomes occurs not only in anaphase but also in interphase cells (Bystricky et al., 2004 (Bystricky et al., , 2005 . This configuration, combined with metacentric chromosome structure, ensures that telomere-telomere interactions can be initiated in telophase, and be stabilized in early G1 phase. We find that interactions between left and right telomeres of the same chromosome are favored (Fig. 6B, C) . The obvious candidates for stabilizing interactions (Sir proteins or yKu) are present on all telomeres and therefore cannot be responsible for selective interaction. The origin recognition complex (ORC) is also bound to TAS and proARS sites in subtelomeric regions, and contributes to interactions between sister chromatids (Shimada and Gasser 2007) . However, we find that the nucleation of silent chromatin is unable to promote interaction of the internal ARS514 with Tel5L (Fig. 6D, panel 5) , suggesting that none of these elements is sufficient to induce telomere juxtaposition in trans. Rather, the coherence of the linear DNA polymer, which impairs random motion to define a spatial "chromosome territory" (Cremer and Cremer 2001) , and the polarized Rabl configuration at the end of mitosis, function together to determine which telomeres cluster in yeast.
Superimposed on these fundamental factors we have identified a small region in the distal sequences of Tel6R that enhances the interaction of both Tel6R with Tel6L, and when transferred to Chr5R, the interaction of Tel5R subtelo6R with Tel5L. We have examined the distal Tel6R sequence for unique or unusual characteristics. Genome-wide mapping studies have shown that Rap1, Sir protein, ORC, Htz1 and Cohesin distributions on both telomeres of Chr6 are indistinguishable from those at other telomeres (Glynn et al. 2004; Lieb et al. 2001; Raisner et al. 2005; Wyrick et al. 2001) . While the deletion of yku70 had minor effects on Tel6R-Tel6L interaction (Gehlen et al. 2006) , we note that yKu binds all yeast telomeres, arguing that at the very least its influence must depend on another Tel6R-specific factor.
Because there are two hypothetical ORFs in the 10kb region of contact-promoting Tel6R sequence, we speculated that Tel6L-Tel6R interaction may reflect the presence of binding sites for bivalent transcription factors (TF) at both chromosomal ends. Recently van Nimwegen and colleagues computationally predicted binding sites for 75 different TFs over the entire S. cerevisiae genome, including the subtelomeric regions (Pachkov et al. 2007 ). We find several TF binding sites shared between Tel6L and Tel6R (Supplemental Fig. 7 ) that are absent from Tel5R (e.g. Thi2,
Rpn4, Ste12 and Tec1). However there is no evidence that these factors or their ligands dimerize.
Based on predicted TF distributions we entertain an alternative model for the effect associated with the deletion of the distal 10kb of Tel6R. We propose that telomere interaction may arise by default through the combined effect of anaphase juxtaposition and bivalent telomere factors (e.g. Sir4, yKu, Sir3, Rif1/2), while the binding of subtelomeric TF can attenuate the pairing mediated by the bivalent telomere factors. In this scenario, the difference between the interaction of Tel6L with
Tel6R and with the truncated Tel6R "10kb might reflect the fact that truncation of Tel6R juxtaposes new TF consenses near the terminal complex, which may antagonize interactions with another telomere (Supplemental Fig. 7, bottom panel) . Since the positioning of such factors is still theoretical, any test of this model can only be carried out after extensive biochemical analysis scores the occupancy of potential TF binding sites.
The regularity of telomeric foci composition
Among more than 12 pairs of differentially tagged yeast telomeres, our laboratory has found a reproducible juxtaposition for only three pairs: Tel6R-Tel6L, Tel3R-Tel3L and now for the ends of a metacentric (modified) Chr5. From this sample, we deduce that the composition of telomeric foci is likely to be stochastic, reflecting largely the chance juxtaposition of chromosome ends in anaphase, rather than a tightly orchestrated distribution. We propose that the formation of telomeric foci results from the combined effects of chromosome arm length and Rabl organization, which can be modulated by sequence specific factors (see above). Given that there is significantly limited mobility of yeast telomeres in interphase cells (Hediger et al. 2002; Heun et al. 2001) , the telomeres that end up proximal to each other in telophase are likely to remain close to each other in nuclei throughout G1 and S phase.
Very little is known about the mechanisms that drive heterochromatin clustering in other species. It was reported for Plasmodia that the loss of subtelomeric repeats affects interactions in trans (Figueiredo et al. 2002 ), yet the factors involved are unknown. In S. pombe the RNAi machinery (ago1, dcr1 and rpd1) are crucial for the maintenance of telomere clustering (Hall et al. 2003 ), yet again bridging molecules are unknown. Nonetheless, the loss of RNAi led to the loss of histone H3K9 methylation and displacement of Swi6 (HP1), but did not disrupt telomeric repression.
Finally, in both Drosophila and mammalian cells, the down-regulation or displacement of HP1 failed to disrupt the chromocenter, which derives from long-range interactions of pericentric heterochromatin (Maison et al. 2002; Peters et al. 2002) . Based on our studies and on observations in other organisms, we propose that the global arrangement of chromosomes in anaphase, rather than components of local chromatin structure, has the dominant impact on longrange interactions in the subsequent interphase nucleus. We predict that interactions arise in part due to stochastic juxtaposition, and that this is relevant for the variegated repression mediated by heterochromatin. Adaptations of the chromosome swap protocol presented here may facilitate the evaluation of such parameters in other species.
Materials and Methods
Live Fluorescence Microscopy
For live imaging, cultures were grown exponentially in synthetic medium to a concentration of less than 1 _ 10 5 cells/ml. Live microscopy was performed at 30°C on cells spread on agarose patches containing synthetic complete medium with 4% glucose. Strains bearing integrated and fully functional fusions of Rap1-GFP and Sir3-GFP were imaged using a Ludin Chamber on a Telomere to telomere distance measurement Different distance distributions were scored for significance using the Two-sample KolmogorovSmirnov test.
Contour-clamped homogeneous electric field (CHEF) electrophoresis
Pulsed field electrophoresis was conducted using the CHEF-DR®II System from Biorad.
Preparation of agarose embedded whole chromosomes was done according the Biorad user manual. The gel was run at the following conditions: 5V/cm2, 1XTAE, 10°C, block 1: 60sec switch time for 15hrs, block 2:90s switch time for 7hrs. Southern hybridization was performed using standard procedures with randomly primed probes that were amplified by PCR from genomic DNA.
Supplemental information
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